Reactive oxygen species (ROS) cause oxidative damage to in vivo components such as lipids, proteins, and DNA, if excess ROS are not eliminated by antioxidant systems. Damage to DNA is strongly suggested to be involved in the etiology of a variety of diseases such as cancer and in aging because such damage induces mutagenesis. Unsaturated fatty acid hydroperoxides have been reported to cause the cleavage of DNA strands 1) and the formation of fluorescent products in the presence of metal ions.
2) Furthermore, it has been found that autoxidized methyl linoleate causes oxidative damage to calf thymus DNA in homogeneous solution to form 8-oxo-7,8-dihydro-2Ј-deoxyguanosine (8-oxodG), a major product of oxidative damage to DNA bases. 3) Recently, linoleic acid hydroperoxide (LOOH) enhances the formation of 8-oxodG in cellular DNA in the presence of iron(III) ion. 4) The formation of 8-oxodG is recognized as a typical marker of oxidative damage in organisms. 5) Dietary lipids have been suggested to be related to mortality in cancers of some organs such as breast, colon, and kidney, 6) and lipid peroxides are often considered as a cause of these cancers. The 8-oxodG content of DNA is increased in target organs after treatment of animals with carcinogens such as nitrosoamines. 7) The prevention of DNA damage caused by ROS, including lipid peroxides, has been the subject of intense investigation, since damage by oxidative stress is thought to play an important role in the carcinogenesis process.
Coumarins distributed widely in plants, 8) and they have recently attracted attention for their broad pharmacological activities. Among these compounds, esculetin (6,7-dihydroxycoumarin) is known as a 5-lipoxygenase inhibitor that inhibits the production of leukotrienes and 5-hydroxyeicosatetraenoic acid through the lipoxygenase pathway. 9) Esculetin shows scavenging activity against ROS, such as superoxide radicals 8) and hydroxyl radicals, 10) and inhibits lipid peroxidation in rat liver. 12) Furthermore, esculetin has been reported to inhibit oxidative damage induced by tert-butyl hydroperoxide in rat liver. 13) It is important for the maintenance of good health to know whether various plant phenolics can scavenge ROS and provide inhibitory effects on oxidative damage to biomolecules. However, it is unclear whether coumarins show suppressive activities against oxidative DNA damage. In this study, we examined whether coumarin compounds, such as esculetin and esculin, are able to suppress the formation of 8-oxodG in the DNA of cultured human diploid fibroblasts treated with LOOH and iron(III) ion. We also examined the radical-scavenging abilities of coumarins by ESR spectrometry.
MATERIALS AND METHODS

Materials
Coumarins were purchased from Aldrich (Milwaukee, WI) except for 4-hydroxycoumarin and 2-hydroxycinnamic acid from Tokyo Kasei Kogyo (Tokyo, Japan). Nuclease P1 and alkaline phosphatase from Escherichia coli were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Ribonucleases T1 and A were obtained from Roche Diagnostics Co. (Indianapolis, IN, U.S.A.) and proteinase K was from E. Merck (Darmstadt, Germany). Polyethylene glycol (PEG; molecular weight: 7300-9000) was obtained from Nacalai Tesque Inc. (Kyoto, Japan) and 8-oxodG was from Wako Pure Chemicals Industries (Osaka, Japan). Eagle's minimum essential medium (MEM) was purchased from Nissui Pharmaceutical Co. (Tokyo, Japan) and fetal bovine serum (FBS) was from Moregate (Melbourne, Australia). LOOH [(9Z,11E)-13-hydroperoxy-9,11-octadecadienoic acid] was prepared through the oxygenation of linoleic acid with soybean lipoxygenase-1 as described previ- ously. 14) All other chemicals were of analytical grade and were used without further purification. Water was purified through a Millipore Milli Q system (Millipore Co., Bedford, MA, U.S.A.) and then treated with Chelex 100 resin to remove trace amounts of transition metal ions such as iron ion.
Treatment of TIG-7 Cells with Esculetin or Esculin
Human embryonic diploid fibroblasts TIG-7, established in the Tokyo Metropolitan Institute of Gerontology, 15) were grown at 37°C in Eagle's MEM supplemented with 10% FBS in 10 cm plastic dishes under a humidified atmosphere of 5% CO 2 and 95% air. When confluent cells were treated in Earle's solution, pH 7.2, containing LOOH (50 mM) and/or 10 mM iron(III) chloride (FeCl 3 ) at 37°C for 3 h, esculetin was concurrently added to the medium in the case of cotreatment. In pretreatment of cells with coumarins, cells were pretreated for 24 h in culture medium containing 50 mM esculetin or esculin. After treatment, the medium was removed and cells were rinsed three times with PBS and then incubated for 3 h in Earle's solution containing 50 mM LOOH and 10 mM FeCl 3 .
Isolation of DNA from TIG-7 Cells Cellular DNA was isolated by the NaI and PEG method. 16) In brief, cells were trypsinized and centrifuged at 1000 rpm for 5 min. Cell pellets were washed with phosphate-buffered saline (PBS; pH 7.2), resuspended in an aqueous solution of proteinase K (25 mg/ml) and 1% sodium dodecyl sulfate (SDS)/1 mM EDTA (pH 8.0), and incubated at 37°C for 1 h under an argon atmosphere. The resulting solution was mixed with 7 M NaI and isopropyl alcohol and kept at Ϫ20°C for 10 min. The mixture was then centrifuged at 14000 rpm for 20 min. The DNA pellet was rinsed with 70% ethanol and dissolved in 0.01ϫSSC buffer. Ribonucleases T1 and A were added to the crude DNA solution, and the mixture was incubated at 37°C for 1 h under an argon atmosphere. Following incubation, chloroform/isoamyl alcohol (25 : 1, by vol) was added and mixed, and the mixture was centrifuged at 14000 rpm for 10 min. The aqueous phase was mixed with 13% PEG solution containing 1.6 M NaCl, and the mixture was left overnight at 4°C. The mixture was then centrifuged at 14000 rpm for 20 min and the precipitated DNA was rinsed with 70% ethanol and dissolved in water treated with Chelex 100 resin. The concentration and purity of the DNA was determined by UV absorption as described previously.
17)
Quantitation of 8-oxodG in DNA DNA was hydrolyzed according to the method reported previously. 18) Acetate buffer (pH 4.8, 20 mM) containing DNA and nuclease P1 was incubated at 37°C for 30 min under an argon atmosphere. Then, alkaline phosphatase was added and the mixture was incubated in 100 mM Tris-HCl (pH 7.4) at 37°C for 15 min under an argon atmosphere. The mixture was filtered through an Ultrafree-MC filter (Millipore Co., Bedford, MA, U.S.A.) and the filtrate was applied to a HPLC equipped with a Symmetry C18 column (particle size, 3.5 mm; 4.6ϫ100 mm; Waters Co., Milford, MA, U.S.A.). The mobile phase was 12.5 mM citrate buffer (pH 5.1) containing 6% methanol and the flow rate was 0.8 ml/min. 8-oxodG was measured by electrochemical detection (ECD; ESA Coulochem II 5200, Bedford, MA, U.S.A.) using an analytical cell model 5011 (Detector I, 150 mV; Detector II, 350 mV). Oxidative damage to DNA is expressed as the molar ratio of 8-oxodG to 10 5 2Ј-deoxyguanosine (dG). The amount of dG was calculated from the absorption at 260 nm in the same sample as measured with a UV detector.
Evaluation of Reactivity of Coumarins with Hydroxyl Radicals ESR spectra were recorded on a JES-FA200 spectrometer (JEOL, Tokyo, Japan) at room temperature under the following conditions: magnetic field 337.2Ϯ5 mT, microwave frequency 9.4 GHz, modulation frequency 100 kHz, modulation amplitude width 0.1 mT, time constant 0.1 s, power 5 mW and sweep time 2.0 min. A coumarin solution (4 mM; 50 ml), 400 mM 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (25 ml), 0.8 mM diethylenetriamine-N,N,NЈ,NЉ,NЉ-pentaacetic acid (DTPA) (25 ml), 1 mM H 2 O 2 (50 ml), and 1 mM FeSO 4 (50 ml) were mixed and quickly transferred to a flat quartz cell, and then fitted into the cavity of the ESR spectrometer. ESR spectra of the DMPO-OH spin adducts were recorded 1 min after mixing. The signal intensities of the DMPO-OH spin adducts were normalized as relative signal heights against the standard signal of Mn(II). The scavenging effect of coumarins on hydroxyl radicals was calculated from the ratio of ESR signal intensities with and without coumarin.
Statistical Analysis Data are expressed as meanϮstan-dard deviation (S.D.). Statistical comparisons among groups were carried out by ANOVA followed by Scheffe's F-test. Differences were considered significant when the probability (p) values were less than 0.05.
RESULTS
LOOH is toxic toward cultured human cells, 14, 19) and cause oxidative damage to cellular DNA by coexistence with iron(III) ion. 4) A naturally occurring coumarin, esculetin, has a protective effect against LOOH-induced cytotoxicity. 18) At first, the effect of esculetin on the formation of 8-oxodG induced by LOOH and iron(III) ion was examined under cotreatment conditions (Fig. 1 ). Separate treatment with 50 mM LOOH (0.303Ϯ0.100 8-oxodG/10 5 dG), 10 mM A homologous compound, 4-methylesculetin, also had a similarly strong inhibitory effect as shown in Fig. 2 . When TIG-7 cells were pretreated with esculetin for 24 h, esculetin exhibited a suppressive effect on the formation of 8-oxodG in cells treated subsequently LOOH and iron(III) ion (Fig. 3) . Esculin also had a suppressive effect on the increase in 8-oxodG content, but the effect was not significant.
It has been known that 8-oxodG is formed by the attack of hydroxyl radicals on the C-8 position of guanine bases. Although it is hardly thought that coumarins scavenge directly hydroxyl radicals in cells, to examine their abilities to scavenge radicals, the reduction in the ESR signal of a spin adduct of DMPO and hydroxyl radicals was examined from competitive scavenging by coumarins and hydroxycinnamic acids. The structures of hydroxycinnamic acids are similar to those of the cleaved lactone moieties from coumarin structures ( Table 1 ). The scavenging effects of coumarins against hydroxyl radicals produced from FeSO 4 and H 2 O 2 are listed in Table 2 . Esculetin, 4-methylesculetin, fraxetin and caffeic acid, which contain an ortho-catechol moiety in their molecules, showed significant scavenging effects. Among them, esculetin (relative intensity of DMPO-OH signals, 64.6Ϯ 9.6%) and 4-methylesculetin (68.1Ϯ6.3%) were somewhat more effective than fraxetin (73.8Ϯ2.5%) and caffeic acid (76.4Ϯ5.4%). The other coumarins and cinnamic acids examined had no scavenging effects. 
DISCUSSION
Lipid hydroperoxides, primary products of lipid peroxidation, added to culture medium are rapidly incorporated into cells, perhaps cell membranes, after 1 h of incubation. 20) LOOH is thought to exert its cytotoxicity through the production of reactive species produced by the decomposition in cell membranes. Some products formed during the decomposition of lipid peroxides may cause oxidative DNA damage, because lipid hydroperoxides have also been reported to induce DNA strand breaks in cultured human lung fibroblasts 21) and human lymphocytes. 22 ) Furthermore, we have found that LOOH increases the 8-oxodG content of cellular DNA in the presence of iron(III) ion.
3) Lipid hydroperoxides are readily decomposed in the presence of transition metal ions to form alkyl peroxyl radicals, alkoxyl radicals, and hydroxyl radicals. The formation of 8-oxodG in cellular DNA by treatment with LOOH and iron(III) ion suggests that hydroxyl radicals are finally formed in this system, because it has been recognized that 8-oxodG is formed by the attack of hydroxy radicals at the C-8 site of dG.
It has often been indicated that guanine bases in DNA are artificially oxidized during the isolation of DNA from animal tissues or cells and during the hydrolysis of DNA to produce nucleosides or bases. [23] [24] [25] Phenol and atmospheric oxygen are proposed to be responsible for the artificial formation of 8-oxodG during these procedures. In this study, incubation with enzymes during the isolation and hydrolysis of DNA was performed under an argon atmosphere. Furthermore, instead of phenol and ethanol for the extraction of crude DNA from samples treated with proteinase K and SDS, NaI and isopropyl alcohol were used. The water used in these experiments was treated with Chelex 100 resin to remove trace amounts of iron ions.
Naturally occurring phenolic compounds have recently been noted to act as antioxidant agents in a wide variety of diseases involving damage by radicals. Coumarin compounds are distributed widely in plants, and many of them have phenolic hydroxyl groups in their structures. Among them, esculetin is known to be a strong inhibitor of 5-lipoxygenase 9) and further shows scavenging effects on ROS. 10, 11) Recently, we found that esculetin protects cultured human cells from LOOH-induced toxicity in both pretreatment and concurrent treatment, and that esculin provides protection in pretreatment, but not in concurrent treatment. 18) In this study, the effect of esculetin on the increase in 8-oxodG content in cellular DNA treated with LOOH and iron(III) ion was examined using cultured human cells. Esculetin produces a significant suppression of the increase in the 8-oxodG content of DNA in TIG-7 cells treated concurrently with LOOH and iron(III) ion. When TIG-7 cells were pretreated with esculetin or esculin for 24 h, esculetin suppressed the increase in the 8-oxodG content of cells treated subsequently LOOH and iron(III) ion (Fig. 3) , and esculin also suppressed the increase in 8-oxodG content, but the change was not significant. Since it has been observed that esculin in culture medium is partly converted to esculetin during the 24 h-pretreatment, 16) esculetin formed through the hydrolysis of esculin during treatment may be producing the protective effect.
Free radicals have been thought to be reactive species in LOOH-induced oxidative DNA damage. The radical-scavenging activities of coumarins and hydroxycinnamic acids were examined by measuring the inhibition of DMPO-OH spin-adduct formation. Compounds containing an ortho-catechol moiety, such as esculetin, fraxetin, and caffeic acid, exhibited significant scavenging effects, while other compounds having only one hydroxyl group showed no effect. It was shown that esculetin provides not only a protective effect against LOOH-induced cytotoxicity 18) but also a suppressive effect against the increase in oxidative DNA damage by lipid peroxide.
Hydroxyl radicals are readily formed from the reaction of various hydroperoxides with transition metal ions. 26) However, it is hardly considered that hydroxyl radicals will react directly with DNA in nuclei or mitochondria even if they are formed from the decomposition of LOOH. Alkyl peroxyl radicals have been reported to be generated from the reaction of organic hydroperoxides and heme iron, to be a major cytotoxic species for gram-positive bacteria, and to be stably generated at steady concentrations for 30 min or longer.
27) Furthermore, it has also been shown that the alkyl peroxyl radicals generated by the reaction of alkyl hydroperoxide with hemoglobin cause single-strand DNA breaks. 28) Alkyl peroxyl radicals may be temporarily generated through the decomposition of LOOH. Further studies are required to elucidate the mechanism of action of the suppression by esculetin of the oxidative DNA damage induced by LOOH and iron(III) ion.
